Hubble Space Telescope images of 3CR radio galaxies at redshifts 0.6 < z < 1.8 have shown a remarkable variety of structures, generally aligned along the radio axis, indicating that the radio source strongly influences the optical appearance of these galaxies. In this paper we investigate the host galaxies underlying this aligned emission, combining the HST data with ground-based infrared images.
INTRODUCTION
The 3CR sample of radio sources defined by Laing et al. (1983) consists of the brightest extragalactic radio sources in the northern sky, selected at 178 MHz, and contains radio galaxies and radio quasars with redshifts up to z --2. The host galaxies of the lowredshift sources in the sample are identified with giant elliptical galaxies containing old stellar populations and, if the host galaxies of the high-redshift sources are also giant ellipticals, their stellar populations can be used to study the evolution of this class of galaxy with cosmic epoch and consequently to constrain models of galaxy formation and evolution. Lilly & Longair (1982 obtained infrared K magnitudes for an almost complete sample of 83 3CR galaxies with redshifts 0 < z < 1.6, and constructed the K magnitude versus redshift relation for these objects. The resulting relation showed remarkably little scatter and was interpreted as indicating that the 3CR host galaxies at redshift z -1 are indeed giant elliptical galaxies. also showed that, unless the deceleration parameter were as large as q0 3.5, the shape of the K-z relation would not be consistent with non-evolving stellar populations, but that at least passive evolution is required. The K-z relation suggests that the host galaxies must have formed at large redshift, zf > 3; this age is consistent with the red colours of the infrared emission of some of these galaxies (Lilly 1989) . Support for such an early formation epoch comes from a very deep spectrum of 3C 65, at redshift z = 1.176, which is well-matched using a stellar population of at least 4 Gyr in age (Stockton, Kellogg & Ridgway 1995) , and also from the recent results of Dunlop et al. (1996) . In 1987, McCarthy et al. and Chambers, Miley & van Breugel discovered that the optical emission of these powerful radio galaxies tends to be aligned along the axis of the radio source. Many models have been proposed to account for this alignment effect, the most promising being massive star formation induced by the passage of the radio jets (e.g. Rees 1989 ), scattering of light from an obscured active galactic nucleus (AGN) by electrons or by dust (Cimatti et al. 1996 (Cimatti et al. , 1997 , and references therein) and nebular continuum emission from warm line-emitting regions (Dickson et al. 1995) . This complicates the use of these galaxies as cosmological probes.
A number of observations have also suggested that a proportion of the K-band light of these galaxies may not be associated with starlight: (i) the discovery of a weaker alignment effect at nearinfrared wavelengths (e.g. Eisenhardt & Chokshi 1990; Rigler et al. 1992; Dunlop & Peacock 1993) , which may be produced by the long-wavelength tail of a flat-spectrum component responsible for the optical alignment effect; (ii) the detection of broad Ha emission from the distant radio galaxy 3C 22 at z = 0.938 Economou et al. 1995 ) and a reported detection of an unresolved central component in the K-band emission of 3C 65 at z = 1.176 , suggesting that the infrared emission may contain light directly from the central AGN; (iii) the observation that infrared emission lines such as [S iii] 9532 can contribute a significant percentage of the K-band flux (Rawlings, Eales & Lacy 1991) .
In addition, the K-z relation of the 6C radio galaxies, which are roughly a factor of 5 lower in radio luminosity than the 3CR sources, tends to track that of the 3CR galaxies at low redshift, but at higher redshift the 6C galaxies tend to be fainter, lying closer to the `no evolution' line (Eales & Rawlings 1996; Eales et al. 1997 ). This result is consistent with the suggestion of Yates, Miller & Peacock (1986) that there is an intrinsic correlation between the absolute infrared magnitude and the radio luminosity of powerful radio galaxies at large redshifts. Eales et al. (1997) have argued that a proportion of the K-band emission of the 3CR galaxies may be directly or indirectly associated with AGN activity, the K-z relation being caused, in part, by the correlation of radio luminosity with redshift in the flux-limited 3CR sample.
In order to study the astrophysics of powerful distant radio galaxies, we have selected an almost complete sample of 28 sources from the 3CR catalogue, in the redshift range 0.6 < z < 1.8, for observation by the Hubble Space Telescope (HST) . In a previous paper (Best, Longair & Röttgering 1997b ; hereafter Paper I) we presented the results of observations of these sources at optical wavelengths using the HST, at 8.4 GHz using the Very Large Array radio interferometer (VLA), and at 1.2 and 2.2 µm using the IRCAM3 array on the United Kingdom InfraRed Telescope (UKIRT). The HST observations showed that the optical morphologies of the majority of the radio galaxies bear little resemblance to giant elliptical galaxies, being dominated instead by high surface brightness structures elongated along the axes of the double radio sources (Paper I). In interpreting the HST images, however, it should be appreciated that standard elliptical galaxies possess very red colours and, at a redshift of 1, have low surface brightnesses at optical (rest-frame ultraviolet) wavelengths (e.g. Giavalisco et al. 1996) . Only regions of enhanced ultraviolet emission appear prominently in the images.
We defer an analysis of the variety of optical structures and of the alignment effect to the third paper in this series (Best et al., in preparation, hereafter Paper III) . Here, we restrict the investigation to the old stellar populations of the host radio galaxies. The outline of this paper is as follows. In Section 2, we describe the data reduction used in the current analysis that has not already been discussed in Paper I. In Section 3, we address the problem of estimating the fraction of the K-band light that is associated with a flat-spectrum aligned component. In Section 4 we investigate the radial intensity profiles of the galaxies. The relationship between the half-light radii and the surface brightnesses of the galaxies is compared with the locus of low-redshift elliptical galaxies and brightest cluster galaxies in Section 5. In Section 6 we derive an improved K-z relation for the narrow-line radio galaxies. The implications of our results for the formation and evolution of massive galaxies and for the cosmic evolution of the radio source population are discussed in Section 7, and we summarize our conclusions in Section 8.
Throughout the paper, the GISSEL stellar synthesis codes of Bruzual & Charlot (1993) are used. We adopt a Scalo (1986) initial mass function with upper and lower mass cut-offs of 65 and 0.1 Mo respectively, and solar metallicity. Except where otherwise stated, a deceleration parameter qo = 0.5 and a Hubble constant Ho = 50 km s -I Mpc-I are adopted.
THE DATA
A variety of infrared properties of the galaxies were measured directly from the infrared images and are presented in Table 1 (see also the data tables presented in Paper I). Table 2 contains properties of the galaxies that are derived in the text.
The photometric magnitudes of the galaxies were measured at a variety of wavelengths (see Paper I), and were converted into broadband flux densities for the investigation of the spectral energy distributions (SEDs) of the galaxies in Section 3. Most of the optical flux densities are influenced to some extent by emission lines that lie within the passband of the filter. In Paper I, we calculated the percentage of the flux density that is associated with line emission for each of the HST observations; these values are used to producè true' broad-band continuum flux densities. In addition, the contributions of the [0 "1 4959, 5007 and H/3 emission lines to the Jband flux densities of those galaxies at redshifts z 1.1 have been estimated from the [0 u] 3727 line flux, using line ratios taken from the combined radio galaxy spectrum derived by McCarthy (1993) , and have been subtracted from the J-band magnitudes. No correction has been made for line contamination in the K waveband, although this should produce little error since strong lines such as Her do not enter the K waveband until a redshift of z -1.9, which is greater than that of any of the sources in the sample. The only emission line of any significante that may be present in the K band is the [S Ili] 9532 line. detected a significant (-15 per cent) contribution to the K-band flux density of 3C 356 in this line, but in none of the other galaxies that they observed was its contribution greater than -5 to 10 per cent, and CO 1998 RAS, MNRAS 295, 549-567 often the line was not detected. In addition, this line only falls in the K band for the eight galaxies with redshifts 1.05 < z < 1.55, and these galaxies do not have significantly brighter absolute K magnitudes.
Another factor that influences the measured flux densities is reddening by dust intrinsic to the galaxies. Since no accurate estimates have yet been made of the mass, temperature and distribution of dust throughout these galaxies, taking account of dust extinction is problematic. It has a negligible effect at the long wavelengths of the K-band emission, with which most of this paper is concerned, but it will affect the SED fitting in Section 3.1.
The distribution of dust within elliptical galaxies can be divided into two components. First, there is dust spread throughout the galaxies: this affects the colours of the galaxies but has little effect upon their morphologies. This dust is therefore impossible to detect in our observations, and cannot be properly compensated for. We discuss this extended dust briefly when modelling the SED in Table 2 . Properties of the radio galaxies derived in the various sections of the paper. 
Column 1 contains the 3C catalogue name of the source. Column 2 lists the stellar mass of the galaxy derived from the fits in Section 3. 1, and column 3 the flux density at rest-frame 3000 A of the `flat spectrum' component derived from the same fit. The values for 3C 437 and 3C 470 (marked with an asterisk) are only estimates since only two broad-band flux densities were available. This analysis was not possible for 3C 22 and 3C 41 because of a nuclear contribution to their flux densities. For the remaining 24 galaxies, the approximate percentage of the K-band light that is associated with a flat-spectrum aligned component is given in column 4. The K-band alignment strength of each galaxy, as defined in Section 3.2, is listed in column 5. Column 6 gives the best-fitting de Vaucouleurs radius for each galaxy (see Section 4, where the errors involved are also discussed). Such fits were not possible for 3C 247 and 3C 368, nor for the five highest redshift sources (see text). The percentage of K-band light associated with an unresolved nuclear emission source in the best-fitting model is given in column 7. The value after a correction factor has been applied (see Section 4 for further details) is given in column 8, and the 90 per cent confidence limits for this value are given in column 9. The measured mean surface brightness within the de Vaucouleurs radius in the K band is given in column 10, and the modelled V-band surface brightness for a passive-evolution model is listed in column 11 (see Section 5 for more details). This analysis was not carried out for 3C 22 and 3C 41 because of the presence of a nuclear contribution to the K-band flux.
Section 3.1. The second dust component is that which lies in discs near the centres of the galaxies; de Koff et al. (1996) showed that between 30 and 40 per cent of low-redshift radio galaxies possess clear dust lanes. The most prominent example of this phenomenon in the galaxies in our sample is the large dust lane running across the central regions of 3C 324. Dickinson, Dey & Spinrad (1996) showed that an extinction E(B -V) 1 The much more compact dust lanes in these sources, relative to that of 3C 324, make accurate measurements of the extinction coefficient impractical, and so we adopt a value of half of that of 3C 324. Repeating the above procedure for these galaxies provides best estimates of the optical flux density corrections of, in order of increasing wavelength for each source: 3C 68.2, 7 per cent; 3C 252, 7, 4 per cent; 3C 266, 10, 5, 4 per cent; 3C 356, 6, 4 per cent. These corrections have been incorporated into the flux density measurements used in the next section.
THE INFRARED ALIGNED COMPONENT

Fits to the spectral energy distributions
The infrared observations presented in Paper I confirm the result that the K-band emission of the powerful radio galaxies in our sample has a tendency to be aligned along the radio axis (Eisenhardt & Chokshi 1990; Rigler et al. 1992; Dunlop & Peacock 1993) but it is a significantly weaker effect than in the optical waveband. This aligned infrared emission may be the long-wavelength tail of the flat-spectrum component responsible for the alignment effect in the optical waveband, or may indicate that the old stellar population itself is aligned with the radio source, as in the models of Eales (1992) and West (1991 West ( , 1994 .
A relatively simple procedure has been adopted for estimating the contribution of the optically aligned component to the infrared alignment. For each galaxy an SED is produced that best matches the observed broad-band flux densities, using the sum of two components. The first component is an old stellar population, the SED of which is derived using the GISSEL stellar synthesis codes of Bruzual & Charlot (1993) . We assume that the stars formed in a 1-Gyr burst which occurred at redshift z = 10, and the stellar population then evolved passively until the observed epoch; negligible changes result for the SED at redshift z ' 1 if a formation redshift of 5 or 50, or an exponentially decreasing star formation rate is used instead. The second component represents the aligned emission; the spectral shape of this component depends upon the physical cause of the alignment effect.
For electron scattering, a power-law quasar spectrum is expected, fv a va , where the value of a is generally about -0.7 to -1 for quasars (e.g. Baker & Hunstead 1996) . Owing to the much lower scattering efficiency of electrons compared with dust (e.g. di Serego Alighieri, Cimatti & Fosbury 1994) , if electron scattering is to dominate, then the mass of extended dust must be small, and extinction by the extended dust will have little effect on the spectral shape. If scattering by dust is entirely responsible for the excess ultraviolet flux then, assuming the dust to be evenly distributed throughout the galaxies, a few times 10 7 M® of dust are required (e.g. di Serego Alighieri et al. 1994) . Light scattered by this dust will have a spectrum somewhat bluer than the incident quasar power law (Calzetti et al. 1995; Cimatti et al. 1996) , but dust outside the scattering regions will redden the scattered emission, giving it a similar spectral shape to electron scattering. A young starburst has a spectral shape which is relatively flat in f, whilst nebular continuum emission has a much redder spectrum below about 0 rest-frame 3600 A but provides little K-band intensity. Each of these effects is likely to be present at some level, and so the overall SED of the aligned component will be some combination of these. For illustrative purposes, we will assume that one-third of the 0 aligned emission at rest-frame 3600 A is associated with each of the three processes of scattering, star formation and nebular continuum; this is well within the range of previous estimates (e.g. Dickson et al. 1995; Cimatti et al. 1997; Tadhunter, Dickson & Shaw 1996) . This combination can be approximated from optical wavelengths through to the K band by a single spectral shape, fv a v-0•4 , which is in close agreement with thef a p 02 rest-frame ultraviolet spectral shape determined for the powerful radio galaxy 4C41.17 ). This, fv a v-0.4 , is the spectral shape we CO 1998 RAS, MNRAS 295, 549-567 adopt for the aligned emission, and hereafter we refer to this component as the `flat-spectrum component'. For each galaxy, the old stellar population and flat-spectrum components were weighted to produce the combined spectrum that best matched the broad-band flux densities measured in the UKIRT and HST observations. These fits are shown in Fig. 1 . Such fits were not made for 3C 437 and 3C 470, for which only two broad-band flux densities were available, nor for 3C 22 and 3C 41 which both possess significant nuclear components in the infrared images (see Section 4).
The fits shown in Fig. 1 are, in the majority of cases, rather good, indicating that the simple two-component model of the SED can provide a good representation of the spectra of these galaxies. The mass of stars within the galaxy and the flux density of the flatspectrum component are listed in Table 2 . Notice that the stellar masses are typically a few times 10 11 Mo which, given that the mass-to-light ratios of such galaxies are usually well in excess of 1, demonstrates that these galaxies are significantly more massive than M*. The contributions to the K-band flux of the two components of the fit can be compared to provide an estimate of the fraction of the emission in this band that is associated with the aligned component. The values derived from our best-fitting models are tabulated in Table 2 and range from -1 per cent in the passive sources 3C 65 and 3C 337, up to -31 per cent in the case of 3C 368, with an mean value of about 10 per cent.
The origin of the aligned infrared emission
To quantify the degree of alignment, we define the alignment strength as
where AO is the differente in position angle between the K-band emission and the radio axis, measured in degrees, and c is the ellipticity of the K-band image, defined as
where p and q are dimensions along the major and minor axes respectively of the infrared image of the radio galaxy. The alignment strength therefore ranges from +1 to -1: those galaxies in which the major axis of the infrared emission is oriented within 45°o f the radio axis have a positive alignment strength, whilst those that are misaligned have a negative value; a value of zero corresponds either to a galaxy with a major axis that is misaligned by 45° from the radio axis, or to a galaxy that is circularly symmetric. This is a better statistic than considering 08 alone since it results in a higher value for a source that is highly elongated but misaligned by, say, 15° from the axis of the radio emission than for a source that is virtually symmetric but with a major axis lying directly along the radio axis. The values of the K-band alignment strengths are tabulated in Table 2 and are plotted as a histogram in Fig. 2 . There is a clear tendency for the galaxies to show some alignment in the K waveband, with nearly 70 per cent possessing positive alignment strengths, a result significant at greater than the 95 per cent confidence level. The mean value of the alignment strength is 0.05.
It is interesting to compare the K-band alignment strength with the percentage flat-spectrum contribution in the K band (Fig. 3 ). Of the five galaxies with the largest K-band flat-spectrum components, four are amongst the seven sources with high K-band alignment strengths, a, 0.10, including all three in the highest bin in Fig 554 P. N. Best, M. S. Longair and H. J. A. Röttgering . SED fits to the broad-band flux densities of the 3CR galaxies using an old stellar population and an aligned component (see text and Table 2 for details).
(see also Table 2 ). A Spearmann rank test indicates that these parameters are correlated, at a significance level of about 97.5 per cent. If the four sources, 3C 68.2, 3C 252, 3C 266 and 3C 368, with particularly high values of both as and the flat-spectrum contribution are excluded, then for the remaining 24 galaxies the average alignment strength is (a 5 ) = 0.02, different from the hypothesis of no alignment at only low significance. The correlation displayed in Fig. 3 indicates that the longwavelength tail of the active blue emission responsible for the alignment of the optical images is an important source of the Kband alignment effect. Scatter in this relation will arise from the errors introduced in determining the two parameters from the data and, more importantly, from any intrinsic scatter in the alignment strength, such as that suggested by the negative tail in Fig. 2 . An estimate of the underlying scatter can be gauged from the range of alignment strengths in Fig. 3 of those galaxies with only small flat-spectrum components, suggesting a standard deviation of between 0.05 and 0.1. If the parent galaxies are giant elliptical galaxies, this can naturally be explained in terms of the radio axis being randomly orientated with respect to the major axis of the galaxy.
RADIAL LIGHT PROFILES
Our observations can be used to test whether the K-band light distributions of the galaxies have the profiles of elliptical galaxies, by attempting to fit de Vaucouleurs' law, I(r) a exp [-7.67(r/re ) 114 ], to their radial surface brightness profiles. The HST images allow such plots to be made without the need to account for the effects of seeing, and would allow an excellent determination of the radial profiles to be made, were it not for the fact that at optical wavelengths the emission from the majority of 
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Wavelength / A 5000 104 2x1 analysis cannot be carried out. Eight of the galaxies, however, do not show strong ultraviolet emission. The HST images show that they possess almost symmetrical morphologies, and only weak u 2 aligned components are required to fit their SEDs ($10 per cent of 0 the total flux density in the HST image). The radial intensity profiles ó of the optical emission of these galaxies were measured, nearby companion objects being removed and replaced with the average E o background intensity at that distance from the centre of the galaxy. Z No companion subtended an angle greater than 20 0 about the centre of the galaxy, and so any errors in this replacement will be small. The radial profiles are displayed in Fi g . 4. Thev show that a de
Vaucouleurs profile provides an excellent fit to the observed radial surface brightness in six of the eight cases, providing some of the Alignment Strength strongest evidence to date that these high-redshift galaxies are 
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here companion galaxies subtended less than about 4Y respect to the centre of the galaxy, these were removed as in the HST images, and replaced by the average of the background pixels at that point. In two cases, 3C 34 and 3C 441, nearby companion galaxies subtended an angle ?45° about the centre of the 3CR galaxy, and this substitution could lead to large errors in the radial profiles. In these cases, the radial intensity profile out to a radius of about 1 arcsec was determined using the normai method, but at larger radii only the two or three quadrants around the source that did not contain the companion were used, and the emission from these was then scaled to derive the average intensities. The two methods matched well at the boundary at 1-arcsec radius.
The infrared radial intensity profiles of these eight galaxies were 0 5 10 i 520 25 modelled using a two-component fit, involving a de Vaucouleurs
Flat spectrum contribution profile with the characteristic radius determined from the fits to the infrared observations. The seeing, which was typically between 1 and 1.2 arcsec, was measured using objects on the infrared images of the radio galaxy that appeared unresolved in the HST data. The in Table 2 , and have a typical accuracy of about 15 per cent. The fitting procedure involved minimizing the sum of the squares of the cases of 3C 22 and 3C 41, the two sources for which a good de offsets of the combined model profile from the data points within Vaucouleurs fit is not obtained at small radii, are discussed below.
the inner 3-arcsec radius, weighting each data point inversely by its The characteristic radii, re , obtained from these fits were then error. Tests showed that the procedure converged to the same used to investigate the infrared K-band radial intensity profiles.
minima from a complete range of initial values. Figure 4 . de Vaucouleurs fits to the radial intensity profiles of the HST images of eight 3CR radio galaxies which do not show a significant active ultraviolet component. The characteristic radius of each, determined from the gradient of the best-fitting straight line, is given.
3C34, re 3.9" i1 0.5 1.5
3C411re=2.31' 0.5 1.5
r0.25 r0.25 r0.25
3C65,re =1.7" 
Figure 5. Fits to the radial intensity profiles of the K-band images of the eight 3CR galaxies shown in Fig. 4 , using the sum of an unresolved point source (dashdotted line) and a de Vaucouleurs profile with the characteristic radius determined from the HST images (dashed line). For each of the profiles, the effect of seeing has been taken into account. The sum of the two components is indicated by the solid line. In many cases the best fit does not involve a point-source component, and so only the solid line is shown.
The resulting fits are shown in Fig. 5 : the dashed line shows the de Table 3 . The percentage of point-source
Vaucouleurs profile, the dash-dotted line shows the radial profile of component determined by the fitting routine the point source, and the solid line shows the total intensity profile .
for a given percentage of star added to the In several cases, the point-source component is zero, and so only the radio galaxy. This was carried out for fitting solid line is plotted. In each case a good match is obtained. The both when the characteristic radius was percentage of the total K-band emission of each source associated known from the HST data, and when it was with a point source for the best-fitting combination is given in a free parameter in the fit. Vaucouleurs profiles to the optical radial intensity profiles of 3C 22
Known re Variable re and 3C 41: the fits for these galaxies indicate the presence of an 5 4.5 ± 1.3 2.8 ± 1.5 unresolved nuclear component contributing 37 and 24 per cent of the 10 8.8 ± 1.4
4.8 ± 2.2 total K-band flux respectively. It is interesting that these galaxies are 15 12.9 ± 1.5 6.9 ± 2.4 the most luminous in our sample in the K band, lying furthest from the 20 16.4 -+-1.8 9.0 ± 2.9 mean K-z relation. Rawlings et al. (1995) have already suggested that 25 20.0 ± 2.1 11.9 ± 3.1 3C 22 is a reddened quasar observed close to the radio galaxy/quasar 30 23.6 ± 2.4 13.4 ± 2.7 divide, based upon the compactness of the infrared emission, the 40 30.6 -2.9 20.8 -1-2.9 detection of broad Ha emission in their spectrum and that of 50 37.5±3 4 26.8 ± 3.0 60 Economou et al. (1995) , and the verg red colour of its spectral 60 44.5±3.5 32.3±3.5 energy distribution. This hypothesis is supported by the fact that this source possesses a bright radio core and a strong one-sided jet, features which are characteristic of quasars, but not generally of radio Given the small size of these galaxies relative to the seeing galaxies (see Paper I for further discussion). No such claim has yet profile, to test the accuracy of the fitting procedure for determining been made for 3C 41, although we note that it is one of the few sources the nuclear point source contribution, we added the emission from a in the sample to possess a clear radio jet (Paper I).
star, at various percentages of the total flux density, to the infrared ,,,+ + + 4
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point source added Figure 6 . The percentage of point-source component determined by the fitting routine for a given percentage of star added to the radio galaxy. The crossed circles show the results when the characteristic radius was known from the HST data, and the filled triangles show the corresponding values for the galaxies for which the characteristic radius was a free parameter in the fit.
images of a number of the radio galaxies. The resultant images were passed through our fitting procedure to determine the percentage nuclear point source recovered. The results are given in Table 3 and plotted in Fig. 6 (crossed circles). For additions of a star of up to about 15 per cent of the total flux density, the recovery of the pointsource component is almost total, giving confidence to the result that there is little or no requirement for a nuclear contribution in six of the galaxies in Fig. 5 . In particular, there is no evidence, either in the de Vaucouleurs fit or in the SED, for the strong (-45 per cent) nuclear contribution to the emission of 3C 65 suggested by Lacy et al. (1995) . For langer levels of star added, typically only about 75 per cent of the flux density is recovered as a point-source. These results suggest that the true point-source contribution for 3C 41 will be approximately 30 per cent, and for 3C 22 the best-fitting value will be about 50 per cent, with an upper limit of as much as about 70 per cent of the emission being associated with an unresolved nuclear component. The `corrected' point-source contributions are given in Table 2 , together with the 90 per cent confidence limits to this value as determined from the least-squares fits. Radial intensity profile fits can also be made for those galaxies that possess enhanced ultraviolet emission in the HST images, since these too are dominated by the underlying old stellar population at infrared wavelengths. 3C 368 and 3C 247 were omitted from this analysis, the former because of the presence of a foreground star within the galaxy envelope which cannot be accurately removed (see Paper I), and the latter because it is surrounded by nearby companions, too many to employ the quadrant method discussed above. The five highest redshift galaxies in the sample were also omitted owing to low signal-to-noise ratios of the infrared emission at large radii.
For the remaining 13 galaxies the infrared radial intensity profiles were measured, and the best-fitting matches were derived from the sum of an unresolved point source and a de Vaucouleurs profile. The characteristic radius of the de Vaucouleurs profile was allowed to vary to obtain the best match. The best-fitting models are compared with the observations in Fig. 7 , with the same notation as in Fig. 5 , and the parameters of the models are given in Table 2 . Although the individual values of re can only be determined to a typical accuracy of about 35 per cent, the galaxy light profiles can again be well fitted using this model.
The small size of the galaxies leads to some degeneracy between the characteristic radius and the point source contribution. We have repeated the test of adding a point source to the radio galaxies, allowing the characteristic radius re to vary in the fit. The results are given in Table 3 and shown in Fig. 6 . The contribution of point source measured was lower than was added throughout, typically by about a factor of 2. What is happening is that the fitting routine is estimating a slightly smaller value for r e , and attributing the remainder of the point-source flux to the galaxy profile. The error on the points in Fig. 6 represents the scatter in the results for addition to different galaxies, and arises predominantly from the range of characteristic radii in the sample: the recovery of the point source is least effective for those sources with the smallest characteristic radii. However, even for small additions of a stellar component, some point-source contribution was generally recovered, and therefore the verg low point-source percentages required for the galaxies in Fig. 7 (mean value 4 per cent) give confidence that any nuclear contribution must be small. The `corrected' contributions of the unresolved emission to the K-band flux density are listed in Table 2 together with the 90 per cent confidence limits on these values. Each of these galaxies is consistent with no pointsource component being present.
For a significant fraction of the galaxies, the observed profiles become brighter than the predicted de Vaucouleurs profile at large radii, suggesting that at least some of these galaxies possess diffuse extended envelopes. The reality of these envelopes for any individual galaxy cannot be gauged because the signal-to-noise ratio of this extended emission is low and, more importantly, the errors at large radii are dominated by uncertainties in the background subtraction and so are not necessarily independent. We have therefore combined the radial intensity profiles of the galaxies. The radial profile of each galaxy was scaled to the same characteristic radius, enabling the galaxy profiles to be summed directly. Only those galaxies for which 1.0 ^ r e <_ 2.0 were included: for galaxies with a smaller re there remains a significant contribution owing to the seeing at radii of 2 to 3 re , whilst for galaxies with re greater than 2, there is insufficient signal at the largest radii to test for the presence of the halo. The scaled radial profiles of the remaining 12 galaxies were summed, weighting each galaxy equally, and the results are presented in Fig. 8 .
At radii greater than about 2.4 re , that is, (rlre ) li4 -, -1.25 , at which the effects of seeing should be small, a significant halo component has been detected. This envelope extends from a physical radius of typically about 35 kpc out to at least 60 kpc, and probably further. This extended envelope may be dominated by the emission from only a small number of the radio galaxies, but it must be present in at least some of them.
The halo emission is not an artefact associated with the flatspectrum contribution to the K-band emission, for two reasons. First, on the HST images (Paper I), well over 95 per cent of the flatspectrum emission originates at radii less than 35 kpc, the radius at which evidence for the halo component first appears; secondly, if the 12 galaxies are split into two groups according to the percentage of flat-spectrum light in the K-band image, there is no significant difference between the strengths of the halo component in the two samples. We have also studied the profiles of stars of the images to check that this halo is not an artefact associated with wings in the UKIRT point spread function.
Such a halo component is typical of cD galaxies (e.g. Oemler 1976 ). Thuan & Rominishin (1981) compared the radial intensity profiles of brightest cluster galaxies in rich and poor clusters of galaxies, and showed that enhanced halo components were only seen around the central galaxies of rich clusters, and that they begin at radii between about 25 and 40 kpc, comparable to the 35 kpc 
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3C13, re 1.25" Figure 7. Fits to the radial intensity profiles of the K-band images of the 13 3CR galaxies for which de Vaucouleurs profiles could not be determined from the HST observations. The characteristic radii have been determined from the best-fitting profiles. The same notation is used as in Fig. 5 .
CO 1998 RAS, MNRAS 295, 549-567 derived for the 3CR galaxies. Fig. 8 strongly suggests that at least some of the 3CR galaxies at redshifts z ? 1 are cD galaxies in rich cluster environments.
SURFACE PHOTOMETRY AND COMPARISON WITH LOW-REDSHIFT ELLIPTICAL GALAXIES
Elliptical galaxies at low redshift possess spectrophotometric properties that lie on the `fundamental plane' , in which their characteristic radii re , average surface brightnesses within their characteristic radius W e , and velocity dispersions a^, are strongly correlated. The projection of the fundamental plane using only r e and (µ) e , known as the Kormendy relation, also produces a tight correlation and avoids the need for detailed spectroscopy (Kormendy 1977; Schombert 1987; Oegerle & Hoessel 1991) . This provides a powerful tool for investigating the stellar populations of high-redshift elliptical galaxies. To compare the 3CR galaxies with existing data for elliptical galaxies at low redshift, the mean rest-frame V-band surface brightnesses within the de Vaucouleurs radii are required. Although in many cases an HST image at rest-frame V band is available, these are dominated by the flat-spectrum aligned component, and may also be influenced by dust extinction. As shown above, however, the K-band images are relatively unaffected except in a few cases; in the analysis that follows we omit 3C 22 and 3C 41 because of the presence of nuclear components which contribute to their K-band emission.
We adopt the same assumptions as in Section 3, namely that the 3CR radio galaxies are passively evolving giant elliptical galaxies which formed at a large redshift, with an additional flat-spectrum aligned component. We use the results of Section 3 to remove the contributions of any flat-spectrum or nuclear component from the K-band flux densities of the galaxies. The K-band surface brightnesses thus derived are listed in Table 2 . The Bruzual & Charlot (1993) stellar synthesis codes were used to produce the SED of a passively evolving elliptical galaxy, which formed at zf = 10, at the redshift of each 3CR source. These SEDs were then used to derive appropriate K corrections and hence, taking account of the (1 + z) 4 cosmological surface brightness dimming, the mean rest-frame Vband surface brightnesses. The variation of the V-band flux density with age for each synthesized galaxy was determined, and was used to convert the derived V-band surface brightness into that which would be observed when the galaxy had continued to evolve passively through to zero redshift. This procedure resulted in surface brightnesses of the 3CR galaxies that can be compared directly with low-redshift giant ellipticals in the fundamental plane.
The derived surface brightnesses are included in Table 2 , and are plotted against the de Vaucouleurs radius in Fig. 9 (solid circles), Log re / kpc Figure 9 . The V-band Kormendy relation for the 3CR galaxies (solid circles) compared with low-redshift ellipticals (crosses) and brightest cluster galaxies (crossed circles). The low-redshift data are from Schombert (1987) . The V magnitude data of the 3CR galaxies refer only to the stellar components, and have been derived from their K magnitudes assuming that the stellar populations evolve passively. The ellipse indicates the error ellipse for the 3CR galaxies for which characteristic radii were measured from the UKIRT data; those for which the measurements were obtained from the HST data have error ellipses less than half this size. The dashed line shows a line of constant total luminosity. Figure 10 . Normalized cumulative frequency distributions of re for the three different populations of galaxies: solid line -the high-redshift 3CR galaxies; dotted line -low-redshift brightest cluster galaxies; dashed line -low-redshift elliptical galaxies (excluding brightest cluster galaxies). The 3CR galaxies have a much smaller spread in r e than the low-redshift elliptical galaxies.
together with data from low-redshift samples of brightest cluster galaxies in Abell clusters (crossed circles) and other ellipticals (crosses) taken from Schombert (1987) . The radio galaxies lie along the fundamental plane defined by the low-redshift ellipticals, providing direct evidence that their stellar populations indeed formed at large redshifts and are passively evolving. The SEDs, and hence the K corrections, of either young or non-evolving stellar populations would be significantly different and the 3CR galaxies would not lie on the Kormendy relation. There is some evidence that the slope of the Kormendy relation defined by the 3CR galaxies is slightly steeper than that of the lowredshift ellipticals. The dashed line in Fig. 9 shows a line of constant total luminosity, that is, a live along which the product of the surface brightness and the square of the characteristic radius is constant. The 3CR galaxies lie roughly along such a line, suggesting that, if they all evolved passively until a redshift of zero, the resultant galaxies would have similar luminosities. This result is similar to that found by , and the inclusion of the surface brightness information in Fig. 9 confirms that the radio galaxies at z ' -1 are old giant elliptical galaxies. It seems that the powerful 3CR radio sources are only formed if their host galaxies attain a specific well-defined stellar mass. We return to this point in Section 7.
The data in Fig. 9 can be used to compare the range of values of r, of the high-redshift 3CR galaxies with those of the populations of low-redshift brightest cluster galaxies and of other ellipticals. Normalized cumulative frequency distributions of r e for each of the three samples in Fig. 9 are plotted in Fig. 10 . Two differences are apparent: first, the dispersion of re in the 3CR galaxies is significantly smaller than that of the other two populations; secondly, the mean characteristic radius of the high-redshift 3CR galaxies (r e = 14.6 ± 1.4 kpc) is greater than that of the low-redshift ellipticals (r e = 8.2 ± 1.0 kpc), but about a factor of 2.25 smaller than that of the low-redshift brightest cluster galaxies (r e = 32.7 ± 1.1 kpc). It should be noted that the characteristic sizes of the distant 3CR radio galaxies are dependent upon the adopted value of q0 and, for q0 = 0, would be approximately 25 per cent smaller. On the other hand, the small degeneracy between the detection of a point-source component and the value of the characteristic radius, discussed in Section 4, means that if there CO 1998 Figure 11 . A plot of the K magnitudes measured for the 28 3CR sources in the recent IRCAM3 observations against those of . In the diagram, the new K magnitudes were reduced to the same apertures as used by Lilly & Longair in their single-element photometry. Most of the discrepancies are within the quoted errors on the original observations, but there are a few significant changes.
were to be a small nuclear contribution to these galaxies then the characteristic radii would be up to 20 per cent larger than those derived. Neither of these effects would change the significance of the results. According to cannibalism models (e.g. Hausman & Ostriker 1978 ) the position of a galaxy along the fundamental plane is interpreted as being related to its merger history. Assuming that the mergers occur homologously (e.g. Schombert 1987 and references therein), when a small galaxy is cannibalized by a much larger galaxy to produce a bound remnant, a large fraction of the kinetic energy of the merger is converted into binding energy of the remnant. The result of such a homologous merger is that the remnant has a larger radius and more diffuse morphology as compared with the original galaxy, thus moving the galaxy to the right along the projected fundamental plane in Fig. 9 (Hausman & Ostriker 1978) . In this respect, the larger size of the high-redshift 3CR galaxies as compared with low-redshift elliptical galaxies is important: despite being observed at a much earlier cosmic epoch, the 3CR galaxies at z -1 appear to be highly evolved dynamically. We discuss the relative sizes of the distant 3CR galaxies and the brightest cluster galaxies in Section 7.
Within the 3CR sample, it is interesting that 3C 34 has the largest characteristic radius, suggesting that it has undergone most mergers, whilst 3C 340 is the most compact object. The former of these is known to lie towards the centre of a moderately rich cluster of galaxies (McCarthy 1988; Best, Longair & Röttgering 1997a ), whilst there is practically no depolarization of the radio lobes of the latter (Johnson, Leahy & Garrington 1995) , suggesting that there is relatively little cluster gas surrounding the galaxy.
THE REVISED K-z DIAGRAM
Much evidence has been presented in the previous sections confirming the stellar nature of the infrared emission of the galaxies that host the 3CR radio sources. A revised K-z relation for the 3CR galaxies has been derived, including a number of improvements over the original version presented by . Figure 12 . Plots of K magnitude versus redshift for the 3CR radio galaxies. Broad-line radio galaxies are marked by open circles as are 3C 22 and 3C 41, and narrow-line radio galaxies by filled squares. The error in the K magnitude measurements is indicated by the vertical error bar associated with each point; in many cases, this is smaller than the plotted symbol. The upper plot corresponds to qo = 0 and the lower plot to q0 = 0.5. The lines on each plot show the predicted K-z tracks of various evolutionary models and have been reduced to the magnitudes observed within a 9 arcsec diameter aperture at each redshift. The solid lines correspond to a non-evolving stellar population, whilst the dotted, dashed and dash-dotted lines are for passively evolving galaxies formed at zf =20, 5 and 3 respectively. The theoretical curves are normalized to match the low-redshift (z 0.1) narrow-line radio galaxies.
and chopping. The new magnitudes show that, although in the majority of cases the 1984 infrared magnitudes were remarkably accurate, in a small number of cases the on-source aperturen were sufficiently large to contain emission from companions, or the off-source reference beam included a faint object (Fig. 11) . The new imaging infrared observations allow these problems to be eliminated.
(ii) Lilly & Longair had to make significant aperture corrections for many of the high-redshift radio galaxies; in most cases, our magnitudes were measured through the adopted 9 arcsec diameter aperture. Any extended haloes are generally only present at a radius r ? 35 kpc (4 arcsec at z -1), and so the contribution of any halo to the total K band flux density within the 9 arcsec diameter aperture adopted for our photometry is unimportant.
(iii) The sources 3C 22 and 3C 41 are not included with the narrow-line galaxies, but are classified with the broad-line galaxies in which a nuclear component makes a significant contribution to the K-band flux density.
(iv) The contribution of the aligned component to the K-band magnitude has been removed by subtracting the appropriate fraction of flux density as estimated by our SED fitting in Section 3.1. The fraction of the total flux density that might be associated with any point-source component has also been removed. The combination of these two corrections generally amounts to less than 20 per cent, corresponding to about 0.2 mag. The corrected Kcon magnitudes are listed in Table 1 .
For the radio galaxies with redshifts z < 0.6, the photometry of was adopted. These galaxies are sufficiently bright that offsetting on to nearby faint companions would have had only a small effect upon the observed magnitudes, and there is no evidence for a strong alignment effect at low redshifts. The magnitudes of these galaxies have all been scaled to a 9 arcsec diameter aperture, using a radial light profile appropriate for lowredshift radio galaxies (e.g. Lilly, McLean & Longair 1984) : the corrections required are small, being less than 0.3 mag in all cases, and generally less than 0.1 mag.
The revised K-z relation is shown in Fig. 12 . The broad-line radio galaxies, together with 3C 22 and 3C 41, are plotted as open circles. The predicted K-z tracks for various evolutionary models and cosmological parameters are also shown, normalized to match the low-redshift (z 0.1) narrow-line radio galaxies. These tracks include a correction based upon a standard radial light curve for low-redshift giant elliptical galaxies, to account for the fact that the galaxies are observed through an aperture of fixed angular size of 9 arcsec, rather than fixed physical size. At redshifts z -1, generally over 90 per cent of the flux density is contained within this aperture.
The upper plot of Fig. 12 shows a set of tracks for a q 0 = 0 universe, whilst the lower plot shows the corresponding tracks in a qo = 0.5 universe, in both cases the cosmological constant A being taken to be zero. In each case, the solid line represents the track of a non-evolving giant elliptical galaxy, obtained by redshifting the spectrum of a giant elliptical galaxy at the present epoch. The dashed, dotted and dash-dotted lines show the predicted tracks of passively evolving galaxies formed in a l-Gyr burst at three different redshifts. A good fit to the data is obtained by the passively evolving models in the qo = 0.5 universe. Little difference is found if the galaxies formed at redshift z = 5 or 20, but at redshifts z ? 1.2 the predicted track for galaxy formation at z = 3 is significantly brighter than the observed data, indicating that the stellar populations formed at an earlier cosmic epoch. None of the tracks in the q0 = 0 plot provides a good fit to the observations. 7 DISCUSSION 7.1 The cluster environments of the distant 3CR radio galaxies
The amplitudes of the spatial cross-correlation functions for galaxies in the vicinity of nearby 3CR FR II class radio sources (Fanaroff & Riley 1974) are similar to those for normal elliptical galaxies (Prestage & Peacock 1988) , whilst the host radio galaxies themselves have optical luminosities and characteristic sizes significantly less than those of first-ranked Abell cluster galaxies (Lilly & Prestage 1987) . This indicates that low-redshift FR II sources typically lie in isolated environments or small groups. In contrast, measures of the galaxy cross-correlation function (Yates, Miller & Peacock 1989 ) and an Abell clustering classification (Hill & Lilly 1991 ) both indicate that 3CR galaxies with intermediate redshifts, Figure 13 . A plot of the stellar mass derived by a fit to the broad-band photometry of Section 3 against redshift for 26 3CR galaxies.
0.3 z < 0.5, belong to environments that are about three times richer than those nearby. There is evidence that the high-redshift 3CR sources belong to moderate to rich cluster environments -in particular: the detection of X-ray emission, in some cases resolved, from a number of these sources has been associated with a cooling flow in a relatively dense intracluster medium (Crawford & Fabian 1993 Worrall et al. 1994; Dickinson 1997) ; companion galaxies are seen around a number of the radio galaxies in the narrow-line [0 II] 3727 imaging by McCarthy (1988) ; infrared imaging of distant radio galaxies provides large numbers of cluster candidates, based upon selection by colour, and spectroscopic follow-up of individual 3CR radio galaxies indeed shows them to lie in at least moderately rich clusters (e.g. Dickinson 1997 ); a surrounding medium of fairly high density is required to account for the large rotation measures of distant radio sources, and to provide a working surface for their high radio luminosities Best et al. 1998) .
In this paper we have provided further evidence in support of this hypothesis. In Section 4 we showed that at least some of these galaxies possess haloes characteristic of those seen around cD galaxies at low redshifts. Furthermore, the stellar masses of the 3CR galaxies derived in Section 3.1 indicate that they are amongst the most massive galaxies at the cosmic epochs at which they are observed. A comparison of the 3CR galaxies with the brightest cluster galaxy (BCG) sample of Aragon-Salamanca et al. (1993) shows that the absolute K magnitudes, and hence stellar masses, of the two samples at redshift z -1 are essentially the same. In contrast, at low redshifts, BCGs are about a magnitude brighter than the 3CR radio galaxies in absolute K-magnitude, consistent with the result that low-redshift 3CR galaxies lie in isolated environments of small groups. This difference is best illustrated by the fact that the K-z relation of the BCGs is consistent with nonevolving stellar populations (Aragon-Salamanca et al. 1993) .
To understand the K-z relations, we must therefore unravel twò cosmic conspiracies'.
(i) On the one hand, the tightness and slope of the 3CR K-z relation suggest that the radio galaxies belong to a single population of objects which formed at large redshift and evolved passively over the redshift interval 2 > z > 0, such that a high-redshift 3CR galaxy would evolve into a low-redshift 3CR galaxy. This simple picture cannot be correct because we have argued that the galactic environments of FR II 3CR radio galaxies change with redshift.
O 1998 RAS, MNRAS 295, 549-567 High-redshift 3CR galaxies appear to lie in (proto-)cluster environments, whilst the nearby sources in the sample are found in isolated environments or small groups.
(ii) On the other hand, the K-z relation of the BCGs suggests that their stellar populations are non-evolving, but this is clearly an unphysical picture. All passively evolving models for stellar populations suggest that they should be about a magnitude brighter in absolute K magnitude at redshift z = 1 as compared with z = 0.
Since the stellar populations of the BCGs must have evolved in the same way as the 3CR radio galaxies, the shape of their K-z relation reflects the fact that central cluster galaxies continue to accumulate matter through mergers and gas infall. Hierarchical clustering models for structure formation have suggested that the mass of BCGs can increase by a factor of up to 5 between a redshift of 1 and the present epoch (Aragon-Salamanca, Baugh & Kauffman 1998). In contrast, the variation of the stellar masses of the 3CR galaxies with redshift, as derived from the SED fits of Section 3.1, shows no correlation (see Fig. 13 ).
In Section 5 we showed that the mean characteristic radius of the distant 3CR radio galaxies was approximately a factor of 2.25 smaller than that of the nearby BCGs. Kormendy (1977) derived a relation between the integrated luminosity of a bright elliptical galaxy and its characteristic radius: Lint a r 7 , or, equivalently, Mstel a (M/L)o r 7 , where Mstel is the stellar mass of the galaxies and (M/L)o is the mass-to-light ratio of the stellar populations at redshift zero. This result was confirmed for elliptical galaxies with re > 6 kpc by Schombert (1987) . This implies that the stellar masses of the 3CR radio galaxies at redshift z -1 are only a factor of about 1.75 below those of nearby central galaxies in Abell clusters, assuming that their stellar populations will have a similar mass-to-light ratio when they have evolved to redshift zero. When compared with the growth factor of between 3 and 5 expected for BCGs over this redshift interval, it is clear that the distant 3CR galaxies are massive galaxies, even relative to the progenitors of the central galaxies of rich clusters.
Intriguingly, West (1994) has shown that the comoving number density of the host galaxies of powerful high-redshift radio sources is of the same order of magnitude as that of rich Abell clusters, if account is taken of the fact that radio source lifetimes, -10 8 yr, are much shorter than the age of the Universe. It is quite conceivable that all of the brightest galaxies in clusters today went through a phase during which they were intense radio sources, and so must possess supermassive black holes in their nuclei (e.g. van der Marel et al. 1997 and references therein).
7.2 Understanding the 3CR radio galaxies Since 3CR radio galaxies at large redshifts lie at the centres of galaxy clusters, their masses would be expected to increase with cosmic epoch just like the BCGs; the `passively evolving' K-z relation of these galaxies suggests, however, that this does not occur. This is a conspiracy: the galaxies sampled at high and low redshifts do not form a uniform population, as is indicated by the dramatic change in their galactic environments with redshift. To understand this effect, we compare the K-z relation of the 3CR galaxies with that of the only other complete sample of lowfrequency-selected radio sources, the 6C radio galaxies (Eales & Rawlings 1996; Eales et al. 1997) . There are important differences between the two samples, specifically:
(i) at a given redshift, the 3CR radio sources are about a factor of Downloaded from https://academic.oup.com/mnras/article-abstract/295/3/549/995143 by guest on 30 January 2020 5 more powerful than the 6C radio sources, since the latter are selected from a fainter radio survey;
(ii) at low redshifts, z 0.6, the 3CR and 6C radio galaxies have similar infrared luminosities;
(iii) at redshifts z -1, the (un-corrected) K-band luminosities of the 3CR galaxies are greater than those of the 6C galaxies by, on average, 0.6 mag (Eales et al. 1997) , although there is significant overlap between the two populations.
Points (ii) and (iii) reflect the fact that the K-z relation for 6C radio galaxies is consistent with a non-evolving population of radio galaxies (Eales & Rawlings 1996) .
Three possible reasons why the K magnitudes of the 3CR galaxies might be brighter than those of the 6C galaxies at z > 1 are: (i) there may be a strong direct or indirect AGN contribution to the K-band emission of the high-redshift 3CR galaxies (e.g. Eales et al. 1997) ; (ii) the 3CR galaxies may be younger than the 6C galaxies, and hence their stellar populations may be more luminous; (iii) the 3CR galaxies may be more massive than the 6C galaxies and thus contain a greater number of stars.
Concerning the first possibility, nearly 50 per cent of the K-band emission of the 3CR galaxies would have to be associated with AGN activity. The results presented in this paper show that, with the exceptions of the two sources 3C 22 and 3C 41, the mean pointsource contribution to the total K-band flux density is only 4 per cent, with secure upper limits of 15 per cent. We have discussed why line emission from gas excited by the AGN light is unlikely to be important, and have estimated the mean contribution of the aligned emission to the K-band flux density to be about 10 per cent. We conclude, therefore, that the sum of these effects will contribute at most about 0.3 of the 0.6-mag difference between the two samples.
In the second case, if the 3CR galaxies were formed at a smaller redshift than the 6C galaxies, say z f 2.5, their younger stellar populations would be more luminous than the corresponding 6C galaxies at redshifts z 1, but by z -0.6 they would have aged and the galaxies would no longer be significantly more luminous. The main objections to this picture are that features detected in the spectra of some of the galaxies, coupled with their very red infrared colours, imply much greater ages for the stellar populations of the 3CR radio galaxies than would be expected in this picture (e.g. Stockton et al. 1995) , and that it is difficult to assemble such massive, dynamically evolved systems as the 3CR galaxies in a short cosmic time.
It is likely, therefore, that both the 6C and 3CR populations formed at large redshifts, and that the 6C galaxies are fainter than the 3CR galaxies in the K band at high redshift because they contain, on average, a lower mass of stars. The primary selection criteria for these samples of radio galaxies are the limiting radio flux densities of the 3CR and 6C catalogues, and so the different K-z relations of these two samples imply that the radio luminosities of the sources must depend upon the masses and environments of the host galaxies.
According to conventional ideas about the origin of FR II radio sources, their luminosities are ultimately determined by the powers of the beams of particles ejected by the AGN, and by the density of the surrounding interstellar and intergalactic gas which controls adiabatic radiation losses of the radio lobes. In turn, the intrinsic beam power of the source is determined by the mass of the central black hole, the mass of material accreting on to it, and the efficiency with which this is converted into beam energy. Given an abundant supply of fuel, it is a reasonable assumption that the total energy output of the central engine, which is dominated by the bulk kinetic power of the radio jets (Rawlings & Saunders 1991) , will be close to the Eddington limiting luminosity. Rawlings & Saunders derived the total kinetic power of the jets in radio galaxies with redshifts z -1 and found values corresponding to the Eddington limiting luminosity of a black hole with a mass of a few times 10 8 M0 ; Kaiser, Dennett-Thorpe & Alexander (1997) suggest that the jet powers may be even higher. Theorists have long argued that the masses of the central black holes should be roughly proportional to the masses of the host galaxies (Soltan 1982; Efstathiou & Rees 1988; Small & Blandford 1992; Haehnelt & Rees 1993) , and some evidence for such a correlation has recently been found for massive black holes in the nuclei of nearby galaxies (Kormendy & Richstone 1995) . Thus the luminosity of a radio source is determined by three principal factors: the mass of the host galaxy, the availability of fuel, and the density of the environment.
The gas that forms the fuel for radio sources may arise either through the infall of interstellar and intergalactic material towards the central regions of the galaxy, or as a result of an interaction or merger with a gaseous dwarf galaxy (Heckman et al. 1986; Smith & Heckman 1989 , 1990 Menon 1992) . In high-redshift proto-cluster or young cluster environments, the central galaxies will be massive, and so contain amongst the most powerful central engines at that epoch. There will also be high merger rates and a plentiful supply of disturbed intracluster gas to fuel the central engine and confine the radio lobes. Furthermore, Ellingson, Green & Yee (1991) have found that the velocity dispersions of galaxies around distant powerful radio sources are significantly lower (400 to 500 km s -1 ) than those in comparably rich clusters at low redshifts (500 to 1000 km s -1 ). These smaller relative velocities increase the efficiency of galaxy mergers. Thus massive galaxies in young cluster environments at high redshifts possess all the necessary ingredients for producing the most powerful radio sources.
Radio sources in galaxies of lower mass than the 3CR galaxies are likely to be powered by less massive black holes and therefore to have lower intrinsic beam powers. It is reasonable to attribute the lower radio luminosity of the high-redshift 6C radio sources as compared with the 3CR sources to the fact that the 6C galaxies are less massive and possess less massive black holes. The overlap between the two samples on the K-z relation would then arise from the scatter in the correlation between the stellar mass of the galaxy and the mass of the black hole (e.g. Kormendy & Richstone 1995) : for example, a galaxy with a K magnitude comparable to that of the 3CR galaxies, but with a central black hole less massive than predicted by the correlation, would host a 6C radio source.
At redshifts z < 0.6, the lower radio luminosity of all radio sources means that the galaxies are no longer producing radio beams with kinetic powers close to the Eddington limit. The analysis of Rawlings & Saunders (1991) confirms that the beam powers of these sources are significantly lower than the values found in the radio galaxies at z -1. Neither the masses of individual black holes nor the galaxy clustering can decrease with cosmic epoch, and so the radio luminosities of low-redshift sources must be limited not by the mass of the host galaxy, as are high-redshift sources, but rather by the availability of gas in the host galaxy and its environment to fuel the central black hole. As a result, at low redshift a weaker correlation would be expected between galaxy mass and radio luminosity. This may account for the similarity of the K-band magnitudes of the 3CR and 6C galaxies at these redshifts.
This decrease in the fuelling gas density with cosmic epoch has been argued on different grounds by other authors (e.g. Rees 1990 and references therein). It is also consistent with recent results on the evolution of the fraction of baryons in the form of neutral hydrogen, and the enrichment of the heavy elements, which indicate that the quantity of interstellar and intracluster material has decreased significantly from redshifts z -2 to z = 0 (Madau et al. 1996). 7.3 Cosmic evolution of the radio source population
We have argued that radio galaxies at high redshifts lie in young cluster environments, and that such environments possess the ideal ingredients for producing powerful radio sources. Why then are the most powerful FR II radio sources at the present epoch not also associated with central cluster galaxies? The radio sources hosted by nearby BCGs are almost invariably 'edge-darkened' FR I type radio sources. FR Is do not possess large luminous radio lobes; instead, the jets are decelerated significantly in the inner kiloparsec, probably as a result of entrainment of external material (Laing 1993 , and references therein), implying a relatively low kinetic power for FR I jets. How do the environments of low-redshift central cluster galaxies restriet, in some way, the central engines of these galaxies to producing only the lower power FR I jets? Narayan & Yi (1995) have shown that if the accretion rate on to a black hole falls below a critical value given by MC a MEdd (where cx is the viscosity parameter which has a value of order 0.1) then accretion on to the black hole occurs in an advection-dominated mode. At higher accretion rates a radiatively efficient thin accretion disc forms. Studying the Gore spectra of the radio-loud quasar 3C 273 and the FRI source M87, Reynolds et al. (1996) argue that the difference between FR I and FR II sources may be that the central engines of FR I sources accrete matter at a rate below the critical value. The large difference in jet luminosity between FR I and FR II type sources would then arise from a much smaller difference in the mass accretion rate, coupled with a change in the accretion mechanism. Baum, Heckman & van Breugel (1992) showed that the gas surrounding FR I radio galaxies is of low angular momentum, with no evidence for recent mergers, whilst that surrounding FR II sources is generally of higher angular momentum and frequently exhibits tidal tails or other evidence for mergers. Rich regular clusters at low redshifts have had time to virialize the spatial distribution of the galaxies, and for the intracluster gas to take up an equilibrium configuration within the cluster gravitational potential. Studies of the Butcher-Oemler effect (Butcher & Oemler 1978) indicate that, compared with high-redshift clusters, there is a dearth of gas-rich galaxies close to the eentres of low-redshift clusters which might merge with, and fuel, the central galaxy. Furthermore, the high velocity dispersion of the galaxies greatly reduces the merger efficiency. The evolution and virialization of low-redshift clusters are therefore likely to result in a more restricted fuelling supply for the central engines of BCGs, and the fuelling gas may arise solely through steady accretion from the interstellar or intracluster media (see also Baum, Zirbel & O'Dea 1995) . The most powerful FR II radio sources at small redshifts are generally found instead in small groups of galaxies: in these groups, velocity dispersions are small, mergers relatively frequent, and gasrich galaxies plentiful. Occasionally, dramatic mergers will occur in low-redshift BCGs, producing radio sources of comparable radio power to the z -1 3CR sources, and we ascribe exceptional sources such as Cygnus A to this process (see also Barthel & Arnaud 1996) .
These considerations suggest an explanation for the constancy of the stellar masses of the 3CR galaxies throughout the redshift range O 1998 RAS, MNRAS 295, 549-567 0.03 z ^ 1.8. This mass may be interpreted as the typical mass that a giant elliptical galaxy attains before its galactie and gaseous environment is virialized. Galaxies of mass greater than a few times 10 11 Mo will have undergone greater dynamical evolution, and generally live in virialized environments where the reduced supply of fuelling gas to the central regions results in FR I sources being formed. This leads naturally to a correlation between the redshift of a 3CR FR II galaxy and the richness of its environment: galaxies in highly overdense environments accumulate matter the fastest, and therefore reach this `FR II upper mass limit' at early cosmic epochs, whilst those that lie in less dense environments evolve more slowly and can form powerful FR II radio galaxies at the current epoch.
In the model presented here, the location of the distant 3CR galaxies in the low-redshift fundamental plane can be understood. All galaxies evolve through accumulation of matter and move to the right along the fundamental plane. For a galaxy to form a radio source at z -1 of sufficient radio power to be in the 3CR sample, the galaxy (and hence its central black hole) must have attained a certain mass, and therefore a certain luminosity, which is close to the dashed line in Fig. 9 . The small scatter in their characteristic radii follows naturally from the galaxies being seen at a similar point in their evolutionary history.
This model is also fully consistent with the redshift evolution of the alignment effect seen in powerful radio galaxies (e.g. McCarthy 1993; Paper III). At high redshifts, the sources lie in environments in which the surrounding gas is unsettled, distributed throughout the forming cluster, and of relatively high density. Most models of the alignment effect depend critically upon the availability of cool gas and so, at intermediate and low redshifts where the environments of the sources have much lower gas densities and the gas is more settled, there is a decrease in the luminosity of aligned emission.
These results suggest that the highest redshift (z > 2) radio galaxies, like the 3CR galaxies, are amongst the most massive systems at their observed epoch (see also Pentericci et al. 1997 ). These galaxies must have accumulated their mass at early cosmic epoch, and so must belong to environments in which the most massive systems are formed by a redshift of zero. The dense surrounding environment and the abundant supply of fuel required are consistent with the detection of large Lya haloes around these objects (e.g. Röttgering & Miley 1996 , and references therein), and the very large depolarization and rotation measures of their radio emission .
A combination of luminosity evolution of the radio source population, and the greater availability of gas at high redshifts increasing the probability of a powerful radio source being formed, provides a natural explanation for the increase in the comoving number density of radio galaxies and quasars out to redshifts z --2. The levelling off and decline in the comoving number density of powerful radio sources with z > 2 can plausibly be explained in terms of the fact that systems that are rich enough to produce sufficiently massive host galaxies, and consequently massive enough black holes in their nuclei, had not had time to form by that epoch.
At the same time, these results also provide an explanation of why other populations of active galaxies, such as the optically selected quasars and the bright X-ray galaxies, show the same evolutionary behaviour as the powerful radio galaxies (Dunlop 1994) : since the maximum radio luminosity is governed by Eddington-limited accretion, this same process will define the limiting optical and X-ray luminosities. Therefore the cosmic evolution of all classes of active galaxy are govemed by the same Downloaded from https://academic.oup.com/mnras/article-abstract/295/3/549/995143 by guest on 30 January 2020 two parameters: the evolution of black hole masses, and the decrease in the availability of fuelling gas with cosmic epoch.
CONCLUSIONS
The main conclusions of the study of the old stellar populations of these 3CR galaxies are as follows.
(i) The magnitudes, colours and location of the distant 3CR galaxies on the projected fundamental plane for elliptical galaxies indicate that their stellar populations formed at large redshift and are passively evolving. Their spectral energy distributions can be well matched using such an old stellar population together with an aligned component of relatively flat spectrum.
(ii) Except in two cases (3C 22 and 3C 41), there is no evidence for a nuclear point-source contribution to the K band emission at 15 per cent of the total flux density at that wavelength.
(iii) At least some of the high-redshift 3CR galaxies possess extended envelopes, similar to the haloes seen around nearby cD galaxies. Such envelopes are not seen around low-redshift 3CR galaxies, indicating a difference between the high-and low-redshift populations. The high-redshift 3CR galaxies appear to live in environments that will foren rich clusters by a redshift of zero.
(iv) The 3CR radio galaxies have a similar stellar mass over the complete redshift range of the sample. The less powerful 6C radio sources have lower stellar masses at high redshifts; the black holes associated with these galaxies are likely to be correspondingly less massive, producing proportionally weaker radio sources.
(v) Powerful radio sources are not observed in the most massive galaxies at low redshift. A reduced supply of fuelling gas for the central engines, possibly associated with the lower merger rates and lack of gas-rich galaxies towards the centre of virialized clusters, results in lower luminosity FR I type radio sources being preferentially formed.
(vi) If the 3CR galaxies evolve in the same way as brightest cluster galaxies, then the evolution in the comoving number density of powerful radio sources can be naturally understood. Out to redshifts z -2, the comoving number density of powerful radio sources increases through a combination of luminosity and density evolution associated with the greater mass accretion rates and the greater probability of a strong radio source being formed. At redshifts z > 2, the levelling off and decline of the comoving number density would be due to negative density evolution, associated with the decreasing number of galaxies that lie in environments sufficiently rich for them to have accumulated enough matter to produce a powerful radio source by that epoch.
(vii) The commonly used `uniform population, closed box' galaxy evolution models are not appropriate for interpretations of the K-z relations. Powerful radio galaxies selected at high and low redshifts have different evolutionary histories, but must contain a similar mass of stars, a few times 10 11 M0 , and so conspire to produce the `passively evolving' K-z relation observed. The apparently simple `no-evolution' shape of the K-z relation for brightest cluster galaxies and lower power radio galaxies is the result of a further conspiracy in which these galaxies become intrinsically fainter owing to stellar evolution, but also brighten because of mass increase through mergers. The shapes of these relations can be used to provide information about the merger histories of massive galaxies in clusters.
